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The neuromuscular system of Drosophila has been widely used in studies on synaptic development. In the embryo, the
cellular components of this model system are well established, with uniquely identified motoneurons displaying specific
connectivity with distinct muscles. Such knowledge is essential to analyzing axon guidance and synaptic matching
mechanisms with single-cell resolution. In contrast, to date the cellular identities of the larval neuromuscular synapses are
hardly established. It is not known whether synaptic connections seen in the embryo persist, nor is it known how individual
motor endings may differentiate through the larval stages. In this study, we combine single-cell dye labeling of individual
synaptic boutons and counterstaining of the entire nervous system to characterize the synaptic partners and bouton
differentiation of the 30 motoneuron axons from four nerve branches (ISN, SNa, SNb, and SNd). We also show the cell body
locations of 4 larval motoneurons (RP3, RP5, V, and MN13-Ib) and the types of innervation they develop. Our observations
support the following: (1) Only 1 motoneuron axon of a given bouton type innervates a single muscle, while up to 4
motoneuron axons of different bouton types can innervate the same muscle. (2) The type of boutons which each motoneuron
axon forms is likely influenced by cell-autonomous factors. The data offer a basis for studying the properties of synaptic
differentiation, maintenance, and plasticity with a high cellular resolution. © 2001 Academic Press
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The Drosophila nervous system, with its simplicity
and easy access to genetics, has helped developmental
neurobiologists in various studies. In the embryo, the
overall body organization follows that of segmented
animals. The second through seventh abdominal seg-
ments develop according to a bilaterally symmetric and
essentially reiterated molecular and genetic program
(Keshishian et al., 1996; Keshishian and Chiba, 1993).
This means that one can observe the same sequence of
events repeated multiple times within a single animal
and also within a population of isogenic animals, facili-
tating quantitative analysis of the development of a
single neuron and its synapse. In each embryonic half-
segment, there are 30 skeletal muscles with various
orientations and positions, each of which is a multinucle-
ated cell resulting from the fusion of about a dozen
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All rights of reproduction in any form reserved.yoblasts (Fig. 1B). Recent studies reveal 32 motoneu-
ons that innervate specific muscles in late stage embryos
Landgraf et al., 1997; Schmid et al., 1999). The motoneu-
ron axons choose from six different nerve branches before
reaching their specific target muscles (Fig. 1B). The
advantage of the embryonic neuromuscular system is
that the neurons and muscles are each uniquely identifi-
able and that their total number is vastly smaller than
that in the vertebrate brain and musculature. Therefore,
one can discuss, for example, how a particular motoneu-
ron called the RP3 motoneuron interacts with particular
muscles known as muscules 6 and 7 (Chiba and Rose,
1998; Halpern et al., 1991; Sink and Whitington, 1991b).
This situation is entirely different from in vitro neuronal
ulture and many other in vivo nervous systems, in
hich one can discuss cellular interactions between a
roup of neurons and a group of muscles in only more or
ess generic terms. In studies in which one must deal
ith how the network specificity of neurons in the brain
merges, the ability to distinguish the unique molecular
ersonalities of individual cellular components becomes
ssential. The embryonic neuromuscular system of Dro-
ophila has proven invaluable for advancing our under-
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56 Hoang and Chibastanding of such topics as axon guidance and synaptic
target recognition (Chiba, 1999; Chiba and Keshishian,
1996).
The subsequent 4-day period of larval development has
also proven to be a convenient model to study synaptic
function, differentiation, and plasticity (Budnik, 1996;
Davis and Goodman, 1998; Keshishian et al., 1994). The
ame set of 30 muscles persists through all larval stages,
uring which their volume increases over a thousandfold
Budnik, 1996; Johansen et al., 1989a). However, except for
ne recent study by Lnenicka and Keshishian (2000) which
ocuses on two specific larval motoneuron terminals, the
ajor drawback of larval studies so far has been that the
xon terminals have been identified only collectively by
heir synaptic bouton differentiation as scored with immu-
ocytochemistry, instead of relying on single-cell labeling
ethods as has been done repeatedly with embryos (e.g.,
ig. 2A). The axon terminals that form predominantly large
ynaptic boutons, or the presynaptic swellings, are named
ype I, while those that form small boutons are called type
I (Johansen et al., 1989a). Type I axon terminals are further
ubdivided into type Ib (“big” type I) and type Is (“small”
ype I) (Atwood et al., 1993; Budnik, 1996). Additionally, a
ype III innervation, found only on a single muscle, is
amed according to the presence of insulin in the boutons
Gorczyca et al., 1993; Jia et al., 1993). Based on physiolog-
cal differences, it has been proposed that type Ib synapses
esemble the crustacean tonic nerve endings while type Is
ynapses may correspond to the phasic terminals (Atwood
t al., 1993; Kidokoro and Nishikawa, 1994; Kurdyak et al.,
1994; Steward et al., 1996). Despite such an obvious heter-
ogeneity among the larval neuromuscular synapses, analy-
ses have routinely relied on visualization that utilizes
panneural antibodies which label motoneurons collec-
tively. For example, the motoneuron axon that innervates
muscle 12 or 13 in the larva, instead of being given a
specific name, is simply known as a “type I axon” or a “type
II axon” (Fig. 2A). As a result, researchers have a limited
ability to appreciate the genetic diversity that defines the
type of synapse into which a particular motoneuron ending
matures, test whether some synaptic boutons form on a
muscle at the expense of excluding others, determine the
extent to which the programming for axon terminal differ-
entiation operates cell autonomously, or ask why certain
manipulations affect a specific synapse more adversely than
others.
This study begins to unravel the synaptic connectivity
and differentiation patterns of individual motoneuron ax-
ons that exist in the larval neuromuscular system of Dro-
sophila. It combines a retrograde single-cell dye labeling
technique with the additional use of panneuronal antibod-
ies. The intracellular dye which, except for rare cases, fails
to travel back to the cell body nevertheless provides a
powerful means to visualize the peripheral innervation of
individual motoneurons in the Drosophila larva. When
combined with panneuronal immunocytochemistry (Jan
and Jan, 1982), this offers an accurate comparison between
Copyright © 2001 by Academic Press. All rightthe injected neuron and the other neurons that co-innervate
the same target muscle. The results shown here represent
the first systematic attempt to characterize the synaptic
terminals of individual motoneurons in the larval Drosoph-
ila neuromuscular system. They illuminate the specificity
of axon terminal differentiation that is achieved during the
larval development.
MATERIALS AND METHODS
Dye injection. Each wild-type (Canton S) wandering third-
instar larva, approximately 4 days from the time of hatching, was
dissected and filleted under calcium-free insect saline (Johansen et
al., 1989a,b). To access the boutons of the external muscles, some
internal muscles were surgically removed with a glass micropipette
and a pair of microtweezers. The larva was then fixed for 90 s with
4% paraformaldehyde in phosphate-buffered saline, rinsed with
saline, and reacted overnight with FITC-conjugated anti-HRP an-
tibodies (Jackson ImmunoResearch Laboratories, West Grove, PA)
at 4°C. After being rinsed once again with saline, the fluorescently
labeled synaptic boutons were viewed with epifluorescence micros-
copy (Fig. 2B) and then a single bouton was impaled and injected
with 5–10% Lucifer yellow with a 0.2- to 3.0-nA negative current
for 10–30 min (Fig. 2C) according to a standard iontophoretic
method (Cash et al., 1992).
Immunocytochemistry. After dye injection, the larva was fixed
gain for 30 min with 4% paraformaldehyde and reacted with
nti-Lucifer yellow antibodies (dilution 1:100; Molecular Probes,
ugene, OR) followed by TRITC-conjugated secondary antibodies
for enhanced visualization of the injected Lucifer yellow) and
ITC-conjugated anti-HRP (for visualization of the entire nervous
ystem; Molecular Probes). Images were digitally acquired with the
PLab software (Scanalytics, Fairfax, VA) using a cooled CCD
amera (Hamatsu C5985) and processed with Adobe PhotoShop.
RESULTS
The Drosophila embryonic/larval neuromuscular system
exhibits bilaterally symmetric and segmentally reiterated
organization (Fig. 1). Thirty distinct muscles persist
throughout the embryonic and larval stages (Fig. 1B). These
muscles are innervated by motoneuron axons that are
grouped into six major nerve branches: ISN (intersegmental
nerve branch), SNa (segmental nerve branch a), SNb (seg-
mental nerve branch b, also known as “ISNb”), SNc (seg-
mental nerve branch c), SNd (segmental nerve branch d),
and TN (transverse nerve) (Fig. 1B). While a total of 32
embryonic motoneurons establish neuromuscular synapses
at the end of embryogenesis (Landgraf et al., 1997; Schmid
et al., 1999), there has been no direct study on the indi-
vidual motoneurons in the subsequent larval stages when
both the synaptic terminals and the target muscles undergo
extensive growth and differentiation.
To establish a basis for interpreting the effects of various
experimental manipulations on individual motoneurons
and their synapses within the larval neuromuscular system,
we visualized individual motoneuron axons by systemati-
cally impaling single synaptic boutons and then ionto-
s of reproduction in any form reserved.
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57Synaptic Differentiation of Single Motoneuronsphoretically injecting fluorescent dye (Lucifer yellow) into
the presynaptic axon terminals (Fig. 2C; see Materials and
Methods). The dye diffuses through the axonal cytoplasm
and the single motoneuron axon terminal can be unambigu-
ously labeled in the background of the DIC optics and the
panneural immunocytochemistry (see below). However,
due to the very fragile nature of unfixed axonal plasma
membrane, we rarely observed the dye to spread fully back
to the cell body, typically being several hundred microme-
ters away from the axon terminal. Therefore, unless other-
wise indicated, our data consist of the cases in which the
dye revealed the axon terminal morphology but failed to
reach the cell body.
We followed each injection with immunocytochemical
visualization of both the intracellular dye (with anti-Lucifer
yellow antibodies) and the panneuronal cell surface antigen
(with anti-HRP antibodies) (see Materials and Methods).
This double visualization permitted visual comparisons of
the injected axons against all the axon terminals present in
the system (Figs. 2B and 2C; also Figs. 3–5). In this way, we
determined (1) the numbers of motoneuron axons that
synapse on each muscle, (2) the types of boutons that each
motoneuron axon develops, and (3) the specific muscle(s)
with which each motor axon develops synaptic contacts.
Our description, while adopting the conventional classi-
fication of synaptic differentiations into four synaptic bou-
ton types (see below for our working definition), addresses
the following specific issues which have been difficult to
resolve previously.
Type Ib
Type Ib boutons are large (about 3–6 mm) and the termi-
als bearing them tend to be short and minimally branching
Fig. 2A). They are glutamatergic and are found on all
uscles of a mature larva (DiAntonio et al., 1999; Guan et
l., 1996; Johansen et al., 1989a,b; Nishikawa and Kidokoro,
FIG. 1. Neuromuscular system of the Drosophila embryo and
organization of the CNS (A) and the body wall muscles (B). The sc
dorsal midline incision. Anterior is to the top. The second abdomina
midline nerve exit, from which the bilaterally symmetric TN nerv
which the ISN, SNa, SNb, SNc, and SNd nerve branches arise.
motoneurons through these six nerve branches.995). We ask whether each type Ib motor axon innervates t
Copyright © 2001 by Academic Press. All rightsingle or multiple muscle(s) and whether each muscle
eceives innervation from one or multiple type Ib motoneu-
on axon(s).
Type Is
Type Is boutons are, on the average, slightly smaller
(about 2–4 mm) than type Ib boutons, and the terminals
earing them can often be longer and more elaborate than
hose with type Ib boutons (Fig. 2A). While generally
hought to exist on all muscles (Budnik, 1996; Johansen et
l., 1989a), there are controversies as to whether type Is
outons can be classified as Ib, Is, or even II (see below for
ur working definition). Type Is boutons are also glutama-
ergic (DiAntonio et al., 1999; Guan et al., 1996; Johansen
t al., 1989a,b; Nishikawa and Kidokoro, 1995). We ask the
ame set of questions as applied to the type Ib boutons.
Type II
Type II boutons are small (about 1–2 mm) and the termi-
als bearing them are very long and the most elaborate of all
xon terminal types (Fig. 2A). Type II boutons are thought
o be on most muscles (Johansen et al., 1989a; Monastirioti
t al., 1995). Whether their choice of neurotransmitters
ncludes glutamate and octopamine is not yet fully resolved
Johansen et al., 1989a; Monastirioti et al., 1995; Petersen et
l., 1997). According to octopamine immunocytochemis-
ry, there are two or three VUM (ventral medial unpaired)
otoneurons arising at the CNS midline which bilaterally
upply type II innervation for each bodywall segment (Mo-
astirioti et al., 1995). We examine whether this notion is
rue and also compare any difference between type II and
ype Ib or Is axon terminals in their innervation patterns.
Type III
Type III boutons are of medium size (about 2–3 mm) and
larva. The bilaterally symmetrical and segmentally reiterated
atic shows the dorsal view of a fillet-dissected preparation after a
ht half-segment (A2) is highlighted. Each CNS segment has a dorsal
anches extend, and a pair of lateral nerves exit on each side, from
rty muscles (1–30) in each half segment are innervated by thethe
hem
l rig
e br
Thihe terminals bearing them are of medium length but are
s of reproduction in any form reserved.
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58 Hoang and Chibathought to occur only on muscle 12 (Fig. 2A). The morpho-
logical appearance of the type III axon resembles both type
Is and type II axons in that it looks like type Is at the
synaptic entry point but mimics type II as it arborizes its
FIG. 2. Visualization of individual motoneuron axons. (A) The
nnervations on muscles 12 and 13 as labeled with panneuronal
ntibodies. The boutons are classified into types Ib, Is, II, and III,
ased on morphology and, in the case of type III, additionally with
olecular markers (see text). (B, C) Single-cell dye injection. Before
bouton was impaled with a dye-filled micropipette (asterisk), all
outons were visualized with FITC-conjugated panneuronal (anti-
RP) antibodies (B). The dye-filled micropipette (asterisk) was then
nserted into a bouton and Lucifer yellow dye was injected into the
erminal (C). Note that only one of the several terminals on the
uscle was labeled (compare C to B). Fluorescent images are overlaid
nto corresponding DIC image in (B) and (C). Scale bars, 20 mm.terminal farther on the muscle. In addition to glutamate,
Copyright © 2001 by Academic Press. All rightype III boutons contain insulin, a putative neural cotrans-
itter, and this immunoreactivity has been used for tracing
he type III boutons (Gorczyca et al., 1993). We examine
whether all type III boutons arise from a single motoneuron
axon and determine if the axon that produces type III
boutons exclusively innervates muscle 12 as proposed pre-
viously.
Throughout our description, we use a simple naming
scheme for the individual larval motoneurons which is
based on the identities of their synaptic target muscles and
their synaptic bouton types (e.g., MN1-Ib). It should be
noted that, though we describe the motoneurons as con-
taining only one bouton type, there exist cases in which a
motoneuron axon possesses boutons that resemble the sizes
of two types, being qualified for the size-based criteria of
either types Ib and Is boutons or types Is and II boutons.
This is entirely consistent with the previous descriptions of
these synaptic boutons (e.g., Johansen et al., 1989a; Budnik
et al., 1990). In these particular cases, we classify the
motoneuron axon according to its most numerous type of
bouton revealed through single-cell injections. This inter-
nal variability again emphasizes the usefulness of single-
cell analyses over those relying on panneural observations.
In the following sections, we show the innervation pat-
tern of the 30 motor axons in the ISN, SNa, SNb, and SNd
nerve branches in the late-stage (4-day-old, third-instar)
larvae. These 30 motoneuron axons supply innervation to
26 of the 30 individual muscles found in every half-segment
of the body wall. In each section, we separately describe the
four different types of synaptic bouton differentiation.
Motoneurons in the ISN Nerve Branch
The dorsal (distal) region of the neuromuscular system
includes 10 muscles (1, 2, 3, 4, 9, 10, 11, 18, 19, and 20) and
a single ISN nerve branch that supplies all motoneuron
axons that reach these muscles (Fig. 3, schematic inset). We
show 12 distinct motoneuron axons providing the endings
to these muscles and exhibiting specific innervation pat-
terns:
Type Ib. We find 9 distinct motoneuron axons and infer
1 additional motoneuron axon in the ISN nerve branch.
Each of these motoneurons forms predominantly type Ib
boutons (and thus is referred to as a type Ib axon here) and
is matched to a specific ISN muscle. A single type Ib axon
(MN1-Ib) enters the synaptic site of muscle 1 on the
proximal edge and then arborizes both anteriorly and pos-
teriorly (Fig. 3D). Similarly, muscles 2 and 3 receive their
respective type Ib motoneuron axons (MN2-Ib and MN3-Ib)
on their proximal edges (Figs. 3B and 3C). In the case of
muscles 4, 9, 10, 11, 19, and 20, each muscle receives a
different type Ib motoneuron axon (MN4-Ib, MN9-Ib,
MN10-Ib, MN11-Ib, MN19-Ib, and MN20-Ib) that inner-
vates on its internal surface (Figs. 3A and 3E–3I). Each type
Ib motoneuron axon targets only 1 specific muscle, since
injected dye fills the axons which do not form additional
collaterals in the ISN nerve branch (e.g., Fig. 3J). They are
s of reproduction in any form reserved.
FIG. 3. Motoneurons in the ISN nerve branch. Single-cell Lucifer yellow labeling of individual motoneuron axons and panneuronal
immunological counterlabeling. The red channel shows immunolabeling against Lucifer yellow dye, while the green channel depicts the
panneuronal labeling with anti-HRP antibodies. The yellow is the result of the overlap between the red and the green channels. Asterisks
indicate where the dye-labeled axons are cut off from the views. The double-fluorescent images are overlaid onto corresponding DIC images.
Although dye injection was done in both right and left sides of the body, all images are shown as if they are in the right half-segments.
Anterior is to the top. The schematic inset shows the relative locations of the 10 ISN muscles. The same scheme of image presentations
applies to Figs. 4 through 6. Motoneurons that form type Ib boutons on single muscles are MN1-Ib (on muscle 1; D), MN2-Ib (on muscle
2; C), MN3-Ib (on muscle 3; B), MN4-Ib (on muscle 4; A), MN9-Ib (on muscle 9; H), MN10-Ib (on muscle 10; G), MN11-Ib (on muscle 11;
F), MN19-Ib (on muscle 19; E), and MN20-Ib (on muscle 20; I). MN2-Ib axon extends through the ISN nerve branch and terminates only
on a single muscle (muscle 2) (J, arrow). MNISN-Is, in contrast, is a multiple-muscle-innervating motoneuron and forms all type Is boutons
found on ISN muscles (K). Scale bar, 20 mm for (A–I, K) and 10 mm for (J).
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60 Hoang and Chibathe only type Ib axons each muscle receives as evidenced by
the fact that we never observe other type Ib boutons that are
labeled with panneuronal antibodies and not by the injected
dye (Figs. 3A–3J). We could not impale the type Ib boutons
on muscle 18, a muscle that lies underneath layers of
others. However, counterstaining clearly revealed that dye-
labeled type Ib boutons overlap perfectly with all the type Ib
boutons present on each of all the other 9 muscles (not
shown). We suggest that a total of 10 motoneuron axons are
present in the ISN nerve branch, that they develop type Ib
boutons, and that they exhibit specific one-to-one matching
with the 10 distinct muscles in the dorsal region (Table 1).
Type Is. We observe that only one motoneuron axon
supplies type Is innervation onto the ISN muscles. This
motoneuron axon (MNISN-Is) innervates muscles 1 and 2 at
their proximal edges and muscles 3 and 4 at their distal
edges (Fig. 3K). In addition, it innervates muscles 9, 10, 19,
and 20 on their internal surfaces (Fig. 3K). This synaptic
pattern is repeatable in the sense that the dye fill of a type
Is bouton on muscle 1, 2, or 4 produced the same innerva-
tion pattern of this motoneuron. Dye fills did not reach
muscle 11. Contrasting the dye injection with all the
synapses that exist on each muscle demonstrates that only
one type Is motoneuron forms this particular bouton on
each muscle of the ISN nerve branch (Fig. 3K). We suggest
that a single motoneuron forms all type Is boutons for the
ISN muscles (Table 1).
Type II. It is likely that a single motoneuron provides
all of the type II endings for the ISN muscles. Although each
injection confirmed that the type II motoneuron axon
polyinnervates many target muscles, each dye injection has
failed to label all type II boutons from the ISN nerve branch
at once. Nevertheless, a combination of dye injections into
the type II boutons on various muscles showed overlaps
that suggest that only a single type II motoneuron exists
within the ISN nerve branch. For example, injection into a
type II bouton on muscle 1, the most distal of the ISN
muscles, allows diffusion of the dye onto muscles 2, 9, and
10 (not shown). Injection into a type II bouton of muscle 4,
the most proximal of the ISN muscles, on the other hand,
displays a dye-illuminated pattern of an axon forming type
II boutons on muscles 19 and 20 and occasionally 2, 3, and
10. In all cases, the comparison with panneuronal immu-
nofluorescence revealed that only one motoneuron forms
all of the type II boutons on these muscles (Table 1).
Motoneurons in the SNa Nerve Branch
The lateral neuromuscular region contains six muscles
(5, 8, 21, 22, 23, and 24). A single SNa nerve branch supplies
all motoneuron axons innervating these muscles (Fig. 4,
schematic inset). The general innervation pattern for the
motoneurons of types Ib, Is, and II in the SNa nerve branch
is similar to that described for the ISN motoneuron axons in
that type Ib motoneurons tend to innervate only one
synaptic location, whereas type Is and II motoneurons
Copyright © 2001 by Academic Press. All rightynapse at multiple sites. We show seven distinct motoneu-
ons of the SNa nerve branch.
Type Ib. Five motoneuron axons with type Ib boutons
re found to innervate the SNa muscles. Each type Ib
otoneuron innervates only one synaptic site. MN5-Ib
nnervates muscle 5 at the distal edge of the muscle, while
N8-Ib apparently synapses only with muscle 8 on its
nterior edge (Figs. 4A and 4B). Three additional type Ib
otoneurons project onto muscles 21–24, with each inner-
ating at the 21/22 muscle cleft (MN21/22-Ib), 22/23
uscle cleft (MN22/23-Ib), and 23/24 muscle cleft (MN23/
4-Ib), respectively (Figs. 4C–4E). Compared with anti-HRP
mmunofluorescence, the dye injection shows that only a
ingle motoneuron forms all type Ib boutons on each of
hese synaptic sites (Figs. 4A–4E). We suggest that a total of
ve distinct type Ib motoneurons innervate the SNa
uscles in specifically matched manners (Table 1).
Type Is. We find a single type Is motoneuron axon
MNSNa-Is) that innervates the SNa muscles (Fig. 4F).
ucifer yellow backfill traced a neuron which innervated
he external surface of muscle 8 and appears to branch into
he muscle 21–24 region, although we could not determine
he exact muscle targets in the latter region as the dye
eased to diffuse before reaching the synaptic field (Fig. 4F,
rrows). In addition, MNSNa-Is forms boutons inside the
lial tissue located at the distal edge of muscle 5 (Fig. 4F,
rrowheads). We suggest that at least one motoneuron
evelops the type Is boutons for the SNa muscles (Table 1).
Type II. We observe a single motoneuron axon
MNSNa-II) that supplies type II boutons to SNa muscles.
njection of a type II bouton on muscle 8 labeled small
outons of this motoneuron wrapping around muscle 8 and
lso the axon extension reaching the distal edge of muscle 5
here it arborizes onto its surface (Fig. 4G). In addition, the
ame axon extended toward muscles 21–24 (Fig. 4G, arrows).
ecause of stoppage of dye diffusion, we could not show
hether muscles 21–24 are also innervated by this motoneu-
on. We suggest that at least one motoneuron accounts for the
ype II boutons on the SNa muscles (Table 1).
Motoneurons in the SNb and SNd Nerve Branches
The motoneurons in the SNb and SNd nerve branches
innervate the 10 ventral (proximal) muscles (6, 7, 12, 13, 14,
15, 16, 17, 28, and 30) (Fig. 5, schematic inset). We combine
these two nerve branches here since both type Is and type II
boutons arise from common motor axons projecting into
both SNb and SNd simultaneously (see below). Overall, the
pattern of types Ib, Is, and II innervation observed for the
ISN and SNa motoneuron axons is generally repeated by the
SNb/d motoneuron axons. However, there are notable ex-
ceptions. We describe a total of 11 distinct motoneurons in
the SNb and SNd nerve branches.
Type Ib. We find eight type Ib motoneuron axons that
innervate the SNb and SNd muscles. Injection of dye into Ib
of muscle 12 unveils a motoneuron axon (MN12-Ib) that
synapses only at the proximal edge of muscle 12 (Fig. 5D).
s of reproduction in any form reserved.
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61Synaptic Differentiation of Single MotoneuronsContrasted against the panneuronal immunocytochemis-
try, this motoneuron is responsible for all of the type Ib
boutons on this muscle. The same one-to-one matching is
also seen for the type I motoneuron axons on muscle 13
TABLE 1
Motoneurons in an Abdominal Half-Segment of the Drosophila La
No. Nerve Motoneurona (aka)b
1 ISN MN1-Ib
2 MN2-Ib
3 MN3-Ib
4 MN4-Ib
5 MN9-Ib
6 MN10-Ib
7 MN11-Ib
8 MN18-Ib
9 MN19-Ib
10 MN20-Ib
11 MNISN-Is
12 MNISN-II
13 SNa MN5-Ib
14 MN8-Ib
15 MN21/22-Ib
16 MN22/23-Ib
17 MN23/24-Ib
18 MNSNa-Is
19 MNSNa-II
20 SNb/SNd MN6/7-Ib (RP3?)
21 MN12-Ib (RP5?)
22 MN13-Ib (Novel?)
23 MN14-Ib
24 MN15/16/17-Ib
25 MN28-Ib
26 MN30-Ib
27 MN15/16-I
28 MNSNb/d-Is
29 MNSNb/d-II
30 MN12-III (V?)
SNc (No individual motoneurons known;
TN (No individual motoneurons known;
a Larval motoneuron names are based on their target muscle ide
b Embryonic motoneurons that correspond to specific larval mo
c Types of synaptic boutons formed by motoneurons.
d Comparison with panneuronal immunocytochemistry reveals w
f a particular type on a given muscle.
e Sample sizes. The entire data set consists of a total of 142 dye
f Although we lacked direct evidence, the existence of a single
boutons there is inferred from circumstantial evidence (see text).
g Parts of the lists are based on inferences, although dye has fail
for MNISN-II, and muscles 21–24 for both MNSNa-Is and MNSNa
h MNSNb/d-II rarely (1 of 6 other cases) innervates muscles 6 an
nnervating muscle 17 (Fig. 5I), panneuronal immunocytochemistr
left 16/17 usually contains type II boutons.
i Observations based on panneuronal immunocytochemistry onl(MN13-Ib, with proximal innervation) and also seems to i
Copyright © 2001 by Academic Press. All rightold for muscles 14 (MN14-Ib, with distal innervation), 28
MN28-Ib, with proximal innervation), and 30 (MN30-Ib,
ith proximal innervation) (Figs. 5C, 5F, and 5G). With
uscles 6 and 7, a single motoneuron axon (MN6/7-Ib)
Target muscles Typec Onlyd ne
Ib Yes 4
Ib Yes 5
Ib Yes 3
Ib Yes 4
Ib Yes 3
Ib Yes 1
Ib Yes 2
Ib — —f
Ib Yes 1
Ib Yes 2
, 3, 4, 9, 10, 18, 19, 20g Is Yes 7
, 3, 4, 9, 10, 11, 18, 19, 20g II Yes 5
Ib Yes 3
Ib Yes 1
22 Ib Yes 2
23 Ib Yes 2
24 Ib Yes 2
1, 22, 23, 24g Is Yes 1
, 21, 22, 23, 24g II Yes 1
Ib Yes 23
Ib Yes 10
Ib Yes 14
Ib Yes 4
16, 17 Ib Yes 7
Ib Yes 1
Ib Yes 1
16 I Yes 6
, 12, 13, 14, 15, 16, 30 Is Yes 12
13, 14, 15, 16, 17, 30h II Yes 6
III Yes 9
types I and II boutons present)i
type I boutons present)i
es and synaptic bouton types.
rons (see text).
er the particular motoneurons are the only ones that form boutons
and corresponding immunological counterlabelings.
oneuron innervating exclusively muscle 18 and forming type Ib
diffuse into muscles 11 and 18 for MNISN-Is, muscles 11 and 18
Although 1 case of dye injection revealed this motoneuron to fail
gests that it represents a rather exceptional case and that musclerva
1
2
3
4
9
10
11
18
19
20
1, 2
1, 2
5
8
21,
22,
23,
8, 2
5, 8
6, 7
12
13
14
15,
28
30
15,
6, 7
12,
12
both
only
ntiti
toneu
heth
fills
mot
ed to
-II.
d 7.
y sugnnervates the cleft between two muscles (Fig. 5B). Similar
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forms all of the type Ib boutons at its innervation site. The
MN6/7-Ib is called “axon 1” by Lnenicka and Keshishian
(2000). In contrast to these type Ib motoneuron axons, we
found a single motoneuron axon (MN15/16/17-Ib) that
forms type Ib boutons at the cleft between muscles 15 and
16 as well as the cleft between muscles 16 and 17 (Fig. 5A).
FIG. 4. Motoneurons in the SNa nerve branch. Single-cell Luci
immunological counterlabeling. The schematic inset shows the rel
boutons are MN5-Ib (on muscle 5; A), MN8-Ib (on muscle 8; B), MN
D), and MN23/24-Ib (at muscle cleft 23/24; E). MNSNa-Is is a m
muscle 8 and likely also muscles 21/24 (F). Boutons formed by M
within the glia that associate with the SNa nerve branch. MNSNa-
II boutons on muscles 5 and 8 and likely also muscles 21/24 (G). N
21–24 at the major SNa branch point (arrows in F and G), while th
same branch point (e.g., arrow in A). Scale bar, 20 mm.Therefore, with the exception of MN15/16/17-Ib, each type (
Copyright © 2001 by Academic Press. All rightb motoneuron projects only to a single muscle or a muscle
left. In addition, another motoneuron axon (MN15/16-I)
orms boutons only between muscles 15 and 16 (Fig. 5E).
he bouton size is somewhere between types Ib and Is (and
ere we include it in the “type Ib” section). We suggest that
ight motoneurons supply all of the type Ib (or I) innerva-
ion and exhibit specific matching to the SNb/SNd muscles
ellow labeling of individual motoneuron axons and panneuronal
locations of the six SNa muscles. Motoneurons that form type Ib
2-Ib (at muscle cleft 21/22; C), MN22/23-Ib (at muscle cleft 22/23;
e-muscle-innervating motoneuron that forms type Is boutons on
a-Is near muscle 5 (arrowheads) do not occur on this muscle but
also a multiple-muscle-innervating motoneuron which forms type
hat the axons of MNSNa-Is and MNSNa-II extend toward muscles
f the type Ib motoneurons do not make such a bifurcation at thefer y
ative
21/2
ultipl
NSN
II is
ote t
ose oTable 1).
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64 Hoang and ChibaType Is. A single multi-innervating type Is motoneuron
xon (MNSNb/d-Is) synapses with muscles of both SNb and
Nd nerve branches (Fig. 5H). This MNSNb/d-Is is believed
o be the same motoneuron axon called “axon 2” by
nenicka and Keshishian (2000). Injection of a type Is
outon on muscle 13 illuminated type Is boutons on
uscles 6, 7, 12, 13, 14, 15, 16, and 30, thus reaching both
he SNb and the SNd muscles. The part that contacts
uscles 15 and 16 is short (Fig. 5H). Anti-HRP immunoflu-
rescence does not label any type Is boutons on muscles 17
nd 28 (Figs. 5A and 5F) and the injected dye did not spread
nto this muscle. The synaptic entry point onto each
uscle conforms with that of type Ib motoneurons. The
ame innervation pattern is seen when the dye is injected
nto type Is boutons from muscle 12 or muscle cleft 6/7.
omparison with the panneuronal antibody staining sug-
ests that MNSNb/d-Is makes all of the type Is boutons
resent on the SNb and SNd muscles. We conclude that a
ingle motoneuron forms all of the type Is boutons located
n muscles of the SNb and SNd nerve branches (Table 1).
Type II. There appears to be one motoneuron axon
MNSNb/d-II) that develops all of the type II boutons found
n the SNb and SNd muscles. Dye injection of a type II
nding on either muscle 12 or 13 labels type II boutons on
uscles 12, 13, 14, and 30 and in the SNd nerve branch also
t the muscle clefts of 15/16 and 16/17 (Fig. 5I; also see Fig.
A for muscle cleft 16/17). The synaptic partners of this
otoneuron are slightly variable. MNSNb/d-II on rare oc-
asions fails to reach the muscle cleft 16/17 (e.g., Fig. 5I,
rrow) and also occasionally innervates muscle cleft 6/7
Table 1 footnotes). Compared to anti-HRP immunofluores-
ence, almost all type II boutons are typically labeled with
ye injection. Boutons with no clear dye labeling tended to
e on muscles located farthest from the impalement point.
urthermore, when one looks at a given muscle on which
he dye was injected into a type II bouton, the dye consis-
ently diffused throughout all of the type II boutons on that
uscle. These observations support the notion that the
ailure to achieve a complete overlap of the dye-labeled and
mmunostained type II boutons on the SNb/SNd muscles
eflects the inability of the dye to diffuse completely into
he cytoplasm of the single motoneuron that is responsible
or all of the type II boutons on this group of muscles. We
uggest that a single type II motoneuron synapses with
FIG. 5. Motoneurons in the SNb and SNd nerve branches. Sin
panneuronal immunological counterlabeling. The schematic inset s
form type Ib boutons are MN12-Ib (on muscles 12; D), MN13-Ib (o
F), MN6/7-Ib (at muscle cleft 6/7; B), and MN15/16/17-Ib (at muscl
between types Ib and Is and innervates only at muscle cleft 15/16 (E
type Is boutons on all SNb/d muscles except for 17 and 28 (H). In t
(arrow) and does not bifurcate onto muscle 17 (dashed arrow). MN
type II boutons typically on muscles 12, 13, 14, 15, 16, 17, and 30
innervated by this motoneuron. This motoneuron is also known to
20 mm.
Copyright © 2001 by Academic Press. All rightost of the muscles innervated by the SNb and SNd nerve
ranches (Table 1).
Type III. The motoneuron axon of type III is said to be
resent only on muscle 12 based on experiments using
ntibodies against insulin (Gorczyca et al., 1993). Consis-
ent with this, our dye injection into a type III bouton
hows a single motoneuron axon (MN12-III) that projects
nly onto muscle 12 (Fig. 6C). Thus, despite its morpho-
ogical resemblance to type Is and type II motoneurons, this
ype III motoneuron is similar to type Ib motoneurons in
atching to only one specific muscle (Table 1).
Motoneurons in the SNc and TN Nerve Branches
The SNc and TN motoneurons innervate four ventral
(proximal) muscles (25, 26, 27, and 29) in the superficial
(close to cuticle) layers of the musculature (Fig. 1B). Due to
the inaccessibility of their axon terminals to dye injection,
we could not obtain data for the SNc and TN nerve
branches.
Correlating the Motoneurons Found in Larvae to
Those Found in Embryos
In the embryo, in which the identities of individual
motoneurons are well established, one can interpret the
results of various genetic and experimental manipulations
at the level of individual neurons, providing vast informa-
tion about the molecular mechanisms of synaptic target
recognition and formation. However, as these synapses
mature in the larva, it is unknown whether the same
motoneurons persist through this period and, if so, which
muscle(s) a given larval motoneuron innervates or what
synaptic bouton type(s) it acquires. Unfortunately, there is
no molecular marker known to distinguish among specific
motoneurons in the larva. Using dye injection, we tried to
identify wherever possible the cell body positions of the
larval motoneurons and to match the larval motoneurons to
those previously identified in the embryos. Here we de-
scribe four particular cases.
MN6/7-Ib (embryonic motoneuron RP3?). Dye backfill
linked the Ib boutons at the 6/7 muscle cleft to a contralat-
eral and dorsal cell body situated proximal to the CNS
midline (n 5 2) (Fig. 6A). This particular cell body position
ell Lucifer yellow labeling of individual motoneuron axons and
s the relative locations of the 10 SNb/d muscles. Motoneurons that
scle 13; C), MN14-Ib (on muscle 14; G), MN28-Ib (on muscle 28;
fts 15/16 and 16/17; A). MN15/16-I forms boutons whose sizes fall
SNb/d-Is is a multiple-muscle-innervating motoneuron and forms
d nerve branch, this motoneuron targets only muscle cleft 15/16
/d-II is also a multiple-muscle-innervating motoneuron and forms
In the example shown, however, muscle 17 (dashed arrow) is not
h muscles 6 and 7 in rare cases (see Table 1 footnotes). Scale bar,gle-c
how
n mu
e cle
). MN
he SN
SNb
(I).
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65Synaptic Differentiation of Single Motoneuronsand synaptic targets correspond well to the embryonic
features of the RP3 motoneuron (Halpern et al., 1991;
andgraf et al., 1997; Sink and Whitington, 1991a,b). Thus,
t is likely that the RP3 motoneuron, which forms its
ynapse at the cleft of muscles 6 and 7 during embryogen-
sis, maintains its connectivity while maturing into type Ib
outons (MN6/7-Ib) on these two muscles during the sub-
equent larvagenesis (Table 1).
MN12-Ib (embryonic motoneuron RP5?). When the dye
njected into a type Ib bouton on muscle 12 could be traced
ack into the CNS, we saw a cell body situated proximal
ut across the CNS midline, contralaterally to the muscle
eing innervated (n 5 2) (Fig. 6B). This cell body position
closely resembles that of the embryonic RP5 motoneuron,
whose axon establishes synaptic connection to muscle 12
during embryogenesis (Landgraf et al., 1997; Sink and
hitington, 1991a). We suggest that the RP5 motoneuron
reviously characterized in the embryo and the larval
otoneuron MN12-Ib are the same and that this motoneu-
on maintains its connectivity with muscle 12 throughout
arvagenesis while differentiating its terminal into type Ib
outons (Table 1).
MN12-III (embryonic motoneuron V?). Dye fill into the
outons of MN12-III outlines a motoneuron with its axon
lso crossing the CNS midline and its cell body situated at
he distal edge of the CNS several cell layers deep from the
orsal surface (n 5 2) (Fig. 6C). This conformed to the
escription of the embryonic motoneuron V (Landgraf et al.,
997) and agreed with previous speculations from embry-
nic analysis that type III boutons on muscle 12 arise from
otoneuron V (Schmid et al., 1999) (Table 1).
MN13-Ib (a novel motoneuron?). Injection into type Ib
outons of MN13-Ib leads to the retrograde diffusion of dye
isclosing a cell body at the distal edge in the ipsilateral side
f the CNS (n 5 4) (Fig. 6D). From the cell body, the axon
as seen to extend first posteromedially but, without
rossing the midline, makes a sharp posterolateral bend
oward the lateral nerve exit (Fig. 6D1). This clearly differs
from the known cell body positions of embryonic motoneu-
rons RP1 and RP4, the two motoneurons which in the
embryo are known to extend axons onto muscle 13 of the
contralateral side of the body (Landgraf et al., 1997; Sink
and Whitington, 1991a). At this time, we cannot correlate
any embryonic motoneuron to the larval motoneuron
MN13-Ib and tentatively designate it a novel motoneuron
previously unknown from the embryonic studies (Table 1).
The cellular identities of other motoneurons were diffi-
cult to verify by our method, due either to the inaccessibil-
ity of the bouton or the distance between the cell body and
the synapse being too great.
Both Fig. 7 and Table 1 summarize our entire data set.
DISCUSSION
This study examined the innervation pattern of indi-
vidual motoneuron axons in the ISN, SNa, SNb, and SNd f
Copyright © 2001 by Academic Press. All righterve branches in the Drosophila larva. The results begin to
eveal underlying principles for the neuromuscular synapse
rganization in this system. Here we highlight a few emerg-
ng points that are not obvious from previous studies.
Synaptic Exclusion on a Multiply Innervated
Postsynaptic Cell
It has been proposed that a major difference exists be-
tween the vertebrate neuromuscular systems and the Dro-
ophila counterpart in terms of their relative promiscuities
to multimotoneuronal innervation. In the vertebrates that
range from the mammals to chicks to frogs, an individual
muscle fiber receives a transient innervation from multiple
motoneuron axons, which subsequently undergo a period in
which all but one is left to exclusively supply synapses to
the muscle fiber (Sanes and Lichtman, 1999). This well-
known process of synaptic elimination has provided a
paradigm in which the competitive nature of synaptic
adjustments is studied. In Drosophila, electrophysiology
upports the idea that at least two distinct axon terminals
o-innervate a given muscle (Broadie and Bate, 1993; Jan
nd Jan, 1976; Kurdyak et al., 1994; Lnenicka and Keshish-
an, 2000; Nishikawa and Kidokoro, 1995). In the case of
uscles 6 and 7, in which this idea has been most directly
ested, the type Ib motoneuron (MN6/7-Ib) and the type Is
otoneuron (MNSNb/d-Is) exhibit synaptic facilitation and
epression, respectively, in response to repetitive stimula-
ion (Lnenicka and Keshishian, 2000). Consistent with this,
mmunocytochemistry in the larva reveals axons with
istinct types of bouton differentiation coexisting on indi-
idual muscles (Budnik, 1996; Keshishian et al., 1996).
ifferent types of synaptic boutons may correspond to
istinct synaptic transmission properties implied from the
lectrophysiological recordings, similar to other arthropod
euromuscular synapses (Atwood et al., 1993; Kurdyak et
l., 1994; Lnenicka and Murphey, 1989). These observations
ave led to a view that, during the development of Drosoph-
la and other arthropod neuromuscular synapses, the
echanisms for synaptic elimination are less important
han in the vertebrates (Keshishian and Chiba, 1993).
Our data reveal a rule that has not been apparent from
revious work, that of bouton-type specific synaptic exclu-
ion. The number of motoneurons that innervate a given
uscle varies from 1 to 4 (Fig. 8). However, no more than
ne motoneuron axon of the given bouton type is present on
ach larval muscle (Fig. 8). This conclusion is based on our
nalysis using both single-cell retrograde labeling and
anneuronal immunological counterlabeling (Table 1).
uscle 28 receives only one axon from a type Ib motoneu-
on and represents the simplest category (Fig. 8A). Muscles
and 7 are co-innervated by two distinct motoneurons, a
ingle type Ib motoneuron and another type Is motoneuron
Fig. 8B), while muscles 5, 11, and 17 are each co-innervated
lso by two distinct motoneurons, a single type Ib motoneu-
on and a single type II motoneuron in this case (Fig. 8C). By
ar the most common situation is the triple innervation,
s of reproduction in any form reserved.
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66 Hoang and Chibawith the first from a type Ib motoneuron, the second from
a type Is motoneuron, and the third from a type II motoneu-
ron (Fig. 8D). Most, if not all, ISN and SNa muscles, as well
as muscles 13, 14, and 30 in the SNb group, fall into this
category. Finally, three muscles receive innervation from a
fourth motoneuron. In addition to the three types of mo-
toneurons listed above, muscles 15 and 16 accept a “type I”
motoneuron (i.e., the bouton size appears to be a hybrid
FIG. 6. Cellular identities of larval motoneurons. Cell body labe
injection. Four pairs of photos are from four cases of single axon trac
500 mm away. The axon terminals are in the right half-segments. T
hree motoneurons examined are located contralateral (across the m
s located ipsilateral (D). The four larval motoneurons are MN6/7-
whose cell body is found proximal to, but across from, the CNS mi
B2) and whose cell body sits proximal and contralateral to the CN
12 (C2) and whose cell body is at the contralateral edge of the CNS s
type Ib boutons on muscle 13 (D2) and whose cell body is located
N13-Ib’s cell body position does not fit any of those known forbetween types Ib and Is) (Fig. 8E), while muscle 12 receives m
Copyright © 2001 by Academic Press. All righttype III motoneuron (Fig. 8F). Based on these observations,
e propose that under normal conditions each muscle
postsynaptic cell) accommodates only one motoneuron of a
iven bouton type.
The underlying molecular mechanisms for this bouton-
pecific synaptic exclusion on an individual muscle remain
nclear. In wildtype, co-innervating axon terminals with
istinct bouton differentiations intermingle and occupy
of individual larval motoneurons with Lucifer yellow retrograde
ll the way back to the cell bodies within the CNS, often more than
ash line represents the midline of the CNS. The cell bodies of the
e) to the target muscles (A–C), while that of the fourth motoneuron
r RP3) which forms a type Ib bouton on muscle cleft 6/7 (A2) and
(A1), MN12-Ib (or RP5) which form type Ib boutons on muscle 12
line (B1), MN12-III (or V) which forms type III boutons on muscle
al cell layers deep from the surface (C1), and MN13-Ib which forms
teral and away from the CNS midline some cell layers deep (D1).
yonic motoneurons that innervate muscle 13. Scale bar, 20 mm.ling
ing a
he d
idlin
Ib (o
dline
S mid
ever
ipsilaore or less the same muscle membrane areas (e.g., Fig.
s of reproduction in any form reserved.
67Synaptic Differentiation of Single Motoneurons2A). Previous experiments, which rely on the panneuronal
immunolabeling methods, hint at competition among ax-
ons of the same bouton type. Ectopic axon terminals, which
result from experimental miswiring, rarely exhibit peaceful
coexistence with the native axon terminals on that muscle
(Cash et al., 1992; Kose et al., 1997; Shishido et al., 1998).
Instead, the two sets of axon terminals seem to prefer
FIG. 7. Summary of the larval motoneurons. The target muscle sp
study.
FIG. 8. Synaptic exclusion on a single muscle. A single muscle ca
one axon (A); muscles 6, 7, 11, and 17 each receive two axons (B, C
16, and 12 each receive four axons (E, F). In every case, no two axo
Ib motoneuron is always found on each muscle, additional innervation
Copyright © 2001 by Academic Press. All rightnonoverlapping muscle surface areas. When the native axon
terminals are eliminated, however, the foreign axon termi-
nals sometimes invade the muscle surface areas normally
occupied by the former (Chang and Keshishian, 1996). With
the new knowledge gained regarding the individual larval
motoneurons, it will be interesting to revisit these experi-
mental situations and investigate how motoneurons of
ities (black muscles) of all 30 larval motoneurons described in this
eive innervation from up to four motoneurons. Muscle 28 receives
total of 16 muscles each receive three axons (D); and muscles 15,
a particular bouton type coexist on a single muscle. While a typeecificn rec
); a
ns of
may come from any of the other types of motoneurons.
s of reproduction in any form reserved.
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68 Hoang and Chibadifferent bouton types can coexist while those of the same
bouton type exclude each other. Understanding how Dro-
sophila orchestrates restricted co-innervation among di-
verse synapses on a single muscle may illuminate prin-
ciples at play in a variety of central nervous systems in
which a single postsynaptic cell is multiply innervated by
functionally diverse presynaptic terminals.
Cell Autonomy of Synaptic Bouton Differentiation
Our single-axon visualization shows that a single mo-
toneuron exhibits predominantly one type of bouton. This
suggests that cell-autonomous factors have a strong influ-
ence over what bouton type into which each motoneuron
axon differentiates. The axons forming type Ib boutons
restrict their innervation to either single muscles or muscle
clefts (MN1-Ib, MN2-Ib, MN3-Ib, MN4-Ib, MN5-Ib, MN6/
7-Ib, MN8-Ib, MN9-Ib, MN10-Ib, MN11-Ib, MN12-Ib,
MN13-Ib, MN14-Ib, MN19-Ib, MN20-Ib, MN21/22-Ib,
MN22/23-Ib, MN23/24-Ib, MN28-Ib, and MN30-Ib). A no-
table exception is MN15/16/17-Ib, which innervates both
15/16 and 16/17 clefts and forms type Ib boutons in both
sites. The motoneuron axons that innervate multiple
muscles develop either type Is or type II boutons. All of
these axons adopt only one type of bouton on all muscles
with which each of them synapses. The target muscles, on
the other hand, contain different combinations of bouton
types. For example, muscles 12 has type Ib, Is, II, and III
boutons, while muscle 13 has type Ib, Is and II boutons, and
muscles 6 and 7 typically have type Ib and Is boutons.
MNSNb/d-Is, the motoneuron that supplies innervation to
all these muscles, forms type Is boutons on all of them
regardless of what other motoneuron axons happen to
coexist on a given muscle (Fig. 5H). Similar situations are
thought to be true with other multiply innervating type Is
and type II motoneurons, i.e., MNISN-Is, MNISN-II,
MNSNa-Is, MNSNa-II, and MNSNb/d-II. This wild-type
development, therefore, is consistent with a strong cell-
autonomous component to the bouton type specification of
a given motoneuron.
Various experiments implicate additional modulatory
mechanisms. Mutations that either up- or downregulate the
action potential conductance along the motoneuron axons
widely influence the accuracy of synaptic targeting as well
as the number and size of the synaptic boutons formed
(Budnik et al., 1990; Jarecki and Keshishian, 1995; Zhong
and Shanley, 1995). It is said that type II boutons are more
sensitive to such activity changes than type I boutons.
Mutations that alter the expression level of the synaptically
enriched cell surface molecule Fasciclin II also result in
abnormal bouton formations (Stewart et al., 1996). In the
case of Fasciclin II, its postsynaptic expression level is
crucial, supporting retrograde signaling mechanisms that
also play a role in bouton specification (Davis et al., 1997;
Thomas et al., 1997). The challenge we face when charac-
terizing the molecular mechanisms of synaptic terminal
differentiation is to determine how the cell-autonomous p
Copyright © 2001 by Academic Press. All rightomponents interplay with environmental or target-
ependent components in individual cases with specific
eurons which may produce different outcomes.
Embryo-to-Larva Transition and the
Neuromuscular Synapses
Our limited data on the cell body positions of several
larval motoneurons begin to illuminate how the neuromus-
cular synapses continue their differentiation during the
embryo-to-larva transition. In the embryo, muscles 6 and 7
are both targeted by two motoneurons, RP3 and 6/7b
(Broadie, 1999; Keshishian and Chiba, 1993). The cell body
of RP3 is contralateral (i.e., across the CNS midline) to its
muscle target, while that of 6/7b is ipsilateral (Cash et al.,
1992; Keshishian and Chiba, 1993). Whereas RP3 innervates
the 6/7 muscle cleft exclusively (Chiba and Rose, 1998;
Landgraf et al., 1997), whether 6/7b innervates only these
wo muscles or extends its axon terminals over other
uscles has not been determined in embryos. In the larva,
ur study suggests that MN6/7-Ib is the larval form of RP3,
hich maintains its connection with both muscles 6 and 7,
nd develops type Ib boutons (Fig. 6A). One can then infer
hat the embryonic motoneuron 6/7b transforms itself into
NSNb/d-Is, the second larval motoneuron that innervates
uscles 6 and 7, as well as six other muscles of the SNb and
Nd groups (Fig. 5H). If this were the case, 6/7b (or MNSNb/
-Is) would be expanding the list of its synaptic partners
uring the larval period in a reproducible manner. Muscle
2 offers another opportunity for linking the embryonic and
arval data. In the embryo, this muscle is targeted by two
ingle-muscle-innervating motoneurons, RP5 and V, and
lso by the VUM-v motoneuron, which extends its bilateral
xons toward many of the SNb and SNd muscles, e.g., 13,
4, 15, 16, 17, and 30 (Landgraf et al., 1997; Schmid et al.,
999). In the larva, four motoneuron axons (MN12-Ib,
N12-III, MNSNb/d-Is, and MNSNb/d-II) synapse with
uscle 12. Based on the cell body positions revealed in this
tudy, we infer two of these larval motoneurons to be RP5
MN12-Ib) and V (MN12-III) (Figs. 6B and 6C). If this is
orrect, both RP5 and V are maintaining their exclusive
onnections with muscle 12 while developing type Ib and
ype II boutons, respectively, again in a reproducible man-
er. Of the two remaining motoneurons, it seems likely
hat MNSNb/d-Is (or 6/7b) is the one that reaches muscles
and 7 in the embryo and subsequently extends its type Is
outon-forming axon collaterals to muscle 12 and other
Nb/d muscles. Based on octopaminergic immunocyto-
hemistry, it has been proposed that the motoneuron which
evelops type II boutons on many of the SNb/d muscles is
bilaterally unpaired VUM (Monastirioti et al., 1995). We
uspect that MNSNb/d-II found in the larva (Fig. 5L) is the
ature state of the VUM-v motoneuron described in the
mbryo (Landgraf et al., 1997). These examples with
uscles 6, 7, and 12, though representing a fraction of the
otoneuron pool, suggest that the basic wiring accom-lished through reproducible axon-to-muscle matchings
s of reproduction in any form reserved.
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69Synaptic Differentiation of Single Motoneuronswould largely persist from late embryos into mature larvae.
Furthermore, they support the idea that what signifies the
neuromuscular synapses during this developmental period
is the individual axons’ differentiation into morphologi-
cally distinct terminal branches and synaptic boutons.
The implication from the situation with muscle 13 found
in this study still remains unclear. The cell body position of
the type Ib axon for muscle 13 (MN13-Ib) was found to be
ipsilateral to the target muscle and at the distal edge of the
CNS (Fig. 6D). This is inconsistent with the known cellular
profiles of any embryonic motoneuron that targets this
muscle (e.g., RP1, RP4, VUM-v; Landgraf et al., 1997).
Future studies are needed to decide whether some neural
plasticity, such as cell body migration and/or cell death,
occurs among the motoneurons targeting muscle 13 during
the embryo-to-larva transition, an intriguing possibility, or
simply whether the current list of embryonic motoneurons
is still incomplete. The single-cell analysis that expands
upon the study shown here will provide a powerful in vivo
approach through which persistence and plasticity of the
neuronal circuitry can be studied with an unprecedented
cellular resolution.
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